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mvoi.ihj.'.e  of  hew  oh 003  c;;.:>:'::c:in;  voro  arrived  at,  or  of  cover 
ccr-blnaticna  vr.ich  could  03  uo;l.  Th3  work  in  this  country  r.atuz'oll^ 
started  on  the  basis  of  the  rope: cod  German  fuels  and  for  asms  tin 3 
proceeded  with  no  attempt  being  cads  to  very  the  composition  of  fuel 
or  catalyst. 


It  has  been  considered  desirable  to  place  the  knowledge  of  fuels 
which  spontaneously  ignite  with  hydrogen  peroxide  on  a  sounder  basis 
by  investigating  a  wide  range  of  possible  fuels  and  studying  their 
reactions  with  hydrogen  peroxide.  The  present  report  la  a  summary 
of  an  empirical  program  whose  object  vas  to  determine,  on  as  broad 
a  base  a3  possible,  what  compounds  merited  further  consideration  as 
possible  fuel  components.  As  such,  the  work  may  have  been,  at  least 
in  part,  a  repetition  of  German  investigations,  the  records  of  which 
have  been  lost  or  destroyed.  This  view  is  supported  by  statements 
in  the  German  literature,  and  by  the  fact  that  the  results  make  the 
German  choice  of  fuels  for  development  seen  reasonable. 


The  program  of  experimental  work  has  consisted  of  applying  a 
simple  ignitability  test,  first  to  a  vide  variety  of  different  types 
of  compounds,  and  then  to  a  bariety  of  compounds  or  combinations 
taken  from  chosen  groups. 


The  work  is  reported  in  two  parts.  The  first  is  an  account  cf 
tests  for  ignitability  on  a  variety  of  systems  without  regard  to 
mutual  solubility  or  physical  condition.  The  second  part  is  con¬ 
cerned  with  attempts  to  form  homogeneous  solutions  while  preserving 
the  ignitability. 


In  evaluating  the  results  reported  it  is  emphasized  that  these 
tests  are  exploratory.  A  positive  result  indicates  the  desirability 
of  further  work  on  the  combination,  but  is  not  to  be  taken  as  an 
unqualified  recommendation.  Much  further  work  is  required  on  such 
characteristics  as  storage  stability,  and  ignitability  under  rocket 
or  power  plant  conditions  before  the  fuel  can  be  recommended  for 
operational  use. 
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Testq  vere  first  made  on  one  hundred  and  three  single  compounds 
Eight  of  these  ignited.  They  vere  hydrazine  hydrate,  tvo  complex 
cobalt  compounds  (salcomine  and  fluomine),  iron  f- naphthalene 
sulfonate,  and  four  organic  thloamides. 


.  Combinations  of  a  single  fuel  with  an  inorganic  catalyst  vere 
then  studied.  In  most  cases  the  catalyst  was  present  in  the  solid 
phase.  One  hundred  and  ten  fuel  compounds  were  tests  vith  each  of 
six  catalysts  containing  Cu+1,  Cu+2^  Ni+2 ,  Co+2,  Fe"f_t',  and  Fe+3, 
respectively.  Fifty  of  the  compounds  shoved  ignition  vith  one  or 
more  of  the  catalysts.  The  activity  of  amines  and  aldehydes  vas 
pronounced.  Of  thir-ty-tvo  amine3  tested,  twenty- three  ignited;  and 
of  twenty-seven  aldehydes,  twenty  ignited.  Tests  using  cobalt 
catalyst  dissolved  in  the  hydrogen  peroxide  agreed  in  general  with 
the  above  series. 


In  a  further  series  of  studies,  three  vanadium  compounds  were 
used  as  cacalysts  for  tests  vith  fifty-one  fuel  compounds.  Ignition 
va3  observed  in  eighteen  cases.  All  the  aldehydes  ignited  with  one 
or  more  of  the  catalysts,  and  several  amines  ignited. 

Various  30lid  complex  compounds  have  been  prepared  from  ccbal- 
tous  chloride  and  organic  bases.  Twenty- tvo  of  these  were  tested 
for  ignitability  with  hydrogen  peroxide.  Ignition  v»3  observed  in 
thirteen  cases. 


Part  II. 

In  general  the  procedure  used  in  attempting  to  form  homogeneous 
solutions  which  were  to  be  ignitable  vas  to  try  to  dissolve  the 
ignitable  compounds  either  In  one  another  of  in  a  mutual  solvent. 

Attempts  vere  made  to  dissolve  solid  Inorganic  catalysts  in 
the  3ingle  fuels  with  which  they  caused  ignition.  In  eight  cases, 
Ignitable  solutions  vere  obtained. 

The  single  solid  compounds,  salcomine  and  thio- acetamide,  had 
been  found  to  ignite  with  hydrogen  peroxide.  Tests  were  made  to 
determine  the  feasibility  of  dissolving  these  solid  compounds  in 
solvents  to  form  ignitable  solutions.  The  attempts  vith  salcomine 
vere  unsuccessful. 
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lissolve  a  self-irnitir.’  0-  tcluldiue-cobal  com¬ 
plex  in  various  solvents  to  preduoj  irr.it able  mixtures  vore  on 
general  unsuccessful.  When  die  solved  in  hydrazine  hydrate  tna 
complex  did  improve  the  consistency  of  ignition. 

The  ignition  characteristics  cf  fuels  based  on  hydrazine  hydrate 
have  been  studied  in  considerable  detail  and  are  the  subject  oi  a 
separate  report, (1). 

Attempts  were  made  to  produce  self-igniting  fuels  from  common 
fuels  or  solvents  by  adding  a  seif-ignitable  fuel  and  cataiyst. 

Tests  on  benzene,  toluene,  kerosene,  a- .d  gasoline  have  been  in  ^ 
general  unsatisfactory  bocause  of  cateiyot  insolubility.  However, 
lgnitable  solutions  have  been  made  from  o-toluidlne- acetone- acid 
cuprous  chloride,  and  from  p-tolaidlno-ethyl  elchol-cobaltous 
nitrate. 
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PART - X  .- 

Th3  primary  -B-t tack  on  the  prbbler  of  developing  seli-ignl^ 
eels  for  use  with  hydrogen  peroxide  has  teen  on  the 'broadest- 
G3  3ible  basis.  Exploratory  testa  have  been  iaade  on  v.aoi/ 
yr-03  of  ccnxounds  tc  determine  qualitatively,  vfeat  .ypes  o,  c.a 
ounda  have  potentially  good  ignition  characteristics . 
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The  exploratory  tests  were,  very  simple.  -The  liquid  or  soiii 
compound  or* mixture  to  be  tested  was  mixed  90  per  cent  Beceo 
hydrogen,  peroxide  in  drop  quantities  cn  a  stainless  steel  pra.-e  i 
the  results  observed.  At  first,  compounds  were  picked  ■sdmevnao  j 
random  with  the  object  of  covering  a  great  deal  of  ground. 

A.  Single  Cor, rounds 

The  results  of  preliminary  te3t3  on  single  components  are 
presented  below  under  four  main  headings. 

Table  I 

Drop  Test  Results  with  50^  Hydrogen  Peroxide 
^  and  Single  Compounds 


No  Immediate  Decomposition 


acetal 
acetic  acid 
acetone 
acetone  oxime 
acetyl  acetone 
o- amino phenol 
hydrochloride 
benzaldehyde 

semicarbazone 
benzyl  chloride 
benzyl  peroxide 
clnnamaldehyde 
cyclohexane 

cysteine  hydrochloride 
decahydronaphthalene 
(decalin) 
dibutyl amine 
dimethylgloxime 
dimethyl  mercury 
ethyl  acetoacetate 
formic  acid 
furfural 


furfuryl  alcohol 
glycine 

p-hydroxyphenyl- 

glycine 

isopropyl  ether 
manganese  tartrate 
mercuric  bromide 
mercuric  iodide 
mercury  succinimide 
methionine 
methyl  mercuric 
chloride 
methyl  mercuric 
hydroxide 
methyl  mercuric 
iodide 

p-nitro&niline 
nitrobenzene 
nitroguanldine 
nit rorne thane 
2-nitropropane 
p-nitrosodiphenyl 
amine 


oxalic  acid 
paraldehyde 
paraformaldehyde 
phenol 
phosphorous 
picric  acid 
silver  benzoate 
silver  citrate 
sodium  isoamylate 
tetramethyl 

ammonium  bromide 
tetranitromethane 
o-thlocresol 
m-thiocresol 
thio-p-naphthol 
o-toluidine 
2 , 4 ,6- trichlorophenol 
trinitrotoluene 
trl phenyl  guanidine 
urea 
m-xylene 
zinc  chloride 
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err.yi  nitrite 
cobaltcus  carbonate 
cobaltcus  formate 
ccbaltous  oxalate 
ethanol  amine 
ethylene  diamine 
ethylene  diamine  cupric 

tr. or. gone se  benzoate 
mar.  y  an  esc-  dioxide 
r.n  r.  .yen  ese  line  elate 
silver  carbonate 
sodium  amalgam 
triethylene  tetraraine 
vanadium  pentoxide 

chloride 

ethylene  dianmomum 
chlorocuprate 


allyl  thiourea 


Fluomlne 


Ignition 
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Discussion 

Consideration  of  the  compounds  causing  7igorous  decomposition 
shows  first  that  nine  of  the  fifteen  are  metallic  salts  which 
could  bent  be  described  as  hydrogen  peroxide  decomposition  catalysts. 
Of  the  other  six,  three  are  amines  and  two  are  amine  complexes  with 
an  inorganic  component.  The  remaining  compound,  amyl  nitrite,  i  a 
rather  unstable  and  easily  cxidlzable  compound. 

In  eight-  cases  Ignition  vas  observed.  Hydrazine  hydrate  has 
been  well  known  for  it3  reactivity  with  hydrogen  peroxide  and  had 
been  used  as  the  base  for  several  German  self-igniting  fuel's.  For 
consistent  ignition  in  such  use  it  is  necessary  to  add  a  cat ylyst, 
but  there  is  frequent  Ignition  in  drop  tests  even  without  c analyst. 
Fluomine  and  salcomine  are  complex  compounds  containing  groups 
similar  to  amines,  which  are  linked  to  cobalt.  Iron  salts  of 
naphthalene  sulfonic  acids  were  reported  by  the  Germans  to  be  good 
fuel  catalysts.  Ve  found  that  iron  {3— naphthalene  sulfonate 
itself  vas  ignitable.  The  remaining  four  compounds  all  contain  the 
thioamide  group. 

B.  Use  of  Catalysts 

There  were  several  indications  of  the  desirability  of  using  a 
metallic  compound  in  fuels,  which  would  act  as  a  reaction  catalyst. 
Among  these  was  the  German  use  of  catalyst  witn  hydrazine  fuel3  and 
the  reactivity  of  the  complex  compounds  described  above.  Some 
catalyst  contribution  might  be  expected  as  a  result  of  hydrogen 
peroxide  decomposition,  but  it  will  be  shown  below  that  there  are 
other  effects  to  consider  as  well. 

It  had  been  reported  that  concentrated  hydrogen  peroxide  was 
decomposed  by  cobaltous  nitrate  in  an  alkaline  solution  (2).  This 
was  confirmed  by  adding  a  drop  of  dilute  sodium  hydroxide  to  a 
drop  of  peroxide  containing  cobaltous  nitrate.  The  reaction  was 
violent.  This  compound  would  seem  to  be  a  reasonable  additive  to 
organic  bases. 
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results  are  shovn  In  Tables  II,  Hi  'r-~  * v  • 


\1,V  y  y 


Prop  Tests  with  Various  Cer.rounds  and  90  % 

Hydrogen  Peroxide  --  Catalysts:  Cu*\  Gu*2 .  Ni*2,  Co'*'2, 
Fo4*',  and  Fe*^  (x  indicates  Ignition) 


/ 


.  No  Ignition 


acetophenone 
acetyl  o-anisidlne 
azobenzene 
azoxybenzene 

m-benzene  disulfonic  acid 

benzoyl  chloride 

o-bronoanisole 

bromobenzene 

cyclohexene 

n-decane 

3,5-dinitrobenzoic  acid 
1,4-dioxane 
ethanol  amine 
ethyl  bromide 
ethylene  bromide 
ethylene  glycol 
ethyl  fumarate 
ethylidene  chloride 
ethyl  nitrate 
formamlde 


n- heptane 
n-hexane 
lscomyl  ether 
Isopropyl  alcohol 
lactic  acid 
levulinic  acid 
fj  —methyl  naphthol 

2- methyl-2,4-pentandiol 
methyl  n- propyl  ketone 
o-nltroani301e 
nitrobarblturic  acid 
m-nitrcbenzaldehyde 
nitrobenzene 

o-nitro  ethyl  benzene 
nitroguanidine 
p-nitroiodobenzene 
nitromethane 

3- nitrophthalic  acid 
propylene  glycol 
quinone 

n-valeronitriie 


Ignition  vJ th  Certain  Catalysts 


Cataly3t 


Fuel 

Cu+1 

Cu+2 

N1+2 

Co+2 

Fe+2 

ESLJ 

2-amino-5-azoanisole 

X 

X 

1 

-  J 

p- amino&zobenzene 

X 

! 

2-amlnothlazole 

X 

X 

X 

i 

X 

benz:  nit  rite 

X 

o-bromobenzolc  acid 

X 

X 
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.•.-.nydaa"  vlth  SC-1 
ndlcatoa  1  Litton  ) 
Catalyst 


,»  .  :s  \^_~V  ~  •-..  '  .,«* 

Oa*1 

J.O 

JJ7' 

•  V  ^ 

Co42 

ir->  •- 

_  43 

Fa 

on  is  aldehyde 

X 

X 

X 

X 

■bdnsaldehyde 

X 

X 

*r-  ■ 

butyi1  aldehyde 

X 

o- chlorob  enz aldehyde 

X 

X 

cliinaialdehyde 

X 

* 

X 

. 

crotonaldehyde 

X 

X 

X 

X 

X 

X 

3 , 4-diethoxybenzaldehyde 

X 

X 

X 

2 , 4-dihydroxybenzaldehyde 

X 

X 

X 

X 

• 

o-ethoxybenzaldehyde 

X 

X 

X 

3- ethoxy- 4-hydroxybonzaldehyde 

X 

X 

X 

X 

X 

2 - e thylbutyrald ehyd e 

: 

2- ethylhexaldehyde 

■ 

furfural 

X 

X 

X 

X 

hept aldehyde 

hydrocinnamaldehyde 

m-hydroxybenz aldehyde 

X 

X 

X 

p- hy dr oxyb enz aldehyde 

X 

X 

X 

X 

Isobutyr aldehyde 

X 

X 

p- is  obutyraldehyde 

lsova  le  raldebyde 

• 

' 

o- roe t hoxybenz  aldehyde 

X 

X 

X 

m-nltrobenz aldehyde 

X 

X 

X 

p-nitrobenz aldehyde 

X 

X 

X 

paraldehyde 

X 
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The  teats  shoved  in  soma  cases  that  activity  could  he  ascribed 
to  the  presence  of  certain  functional  groups.  In  the  case  of  organic 
bases  and  aldehydes,  the  ignitability  of  the  compounds  initially 
tested  vas  sufficiently  consistent  with  the  presence  of  the  functional 
group  so  that  a  larger  number  of  these  compounds  vas  tested  and 
reported  separately  in  Tables  III  end  IV. 

The  ignitebility  of  the  bases  is  apparently  associated  vith 
their  tendency  to  form  complexes  vith  the  catalyst^  and  vith  the 
stability  of  such  complexes.  On  the  basis  of  the  early  experiments 
vith  these  compounds,  it  vas  thougnt  that  the  base  strength  of  the 
compounds  vas  a  sufficient  indication  of  the  complex  stability  to 
give  some  correlation  vith  ignitebility.  (3)  The  m'nre  complete 
results  plotted  in  order  of  base  strength  in  Table  III  do  not  support 
this  viev,  and  there  is  no  obvious  correlation. 

The  aldehyde  test  results  are  given  in  Table  IV.  In  general, 
aromatic  aldehydes,  notably  benzaldehyde  derivatives,  ignite  vith 
H20jj  in  the  presence  of  Cu+J-,  Cu+2,  and  Fe+2  catalysts.  Aliphatic 
aldehydes  usually  do  not  ignite.  Exceptions  to  the  above  are  the 
ignition  of  is obutyr aldehyde  in  the  presence  of  Cu+2  and  the 
ignition  of  butyraldehyde,  is  obutyr  aldehyde,  and  paraldehyde  in  the 
presence  of  Fe+2.  Hydrocinnamaldehyde  does  not  ignite  vith  H202 
and  any  of  thecatalysts  while  crotor.aldehyde  is  ignitable  with  all 
the  catalysts. 

The  miscellaneous  group  (Tabl6  II)  contains  nineteen  ignitable 
compounds.  Three  of  these  contain  amino  groups  as  veil  as  other 
functional  groups.  They  might  be  expected  ot  ignite  on  the  basis 
of  the  results  vith  simple  amines.  It  should  be  noted  that  there 
is  one  amino  compound,  ethanol  amine,  which  does  not  ignite  vith 
any  of  the  catalysts.  There  are  also  three  substituted  benzoic  acids 
vhich  ignite,  although  a  fourth,  3-5-dinitro  benzoic  acid,  does  not 
ignite. 

The  remaining  compounds  are  more  difficult  to  classify.  There 
are  tvo  sulfur- containing  compounds,  tvo  compounds  containing  the 
furan-  ring  and  three  heterocyclic  nitrogen  compounds.  The  remaining 
compounds  defy  classification.  One  of  these,  benzonitrlle,  ignites 
only  in  the  presence  of  cuprous  copper.  It  can  be  seen  from  the 
table  that  the  remaining  five  compounds,  diethylene  glycol,  diethylene 
glycol  diethyl  ether.  Isoamyl  nitrite,  p-nitrophenol,  ando-nitroso 
P-naphthol,  react  only  vith  iron,  vhich  is  also  a  hydrogen  peroxide 
decomposition  catalyst  of  roasonahle  activity.  At  this  point,  it 
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than  a  simple  decomposition  ox-  uno  nyarcgea  peroxiG-e  xoxxoyea  oy 
rt  that  ion  of  the  fuel  by  the  liberated  ouyyan.  .  Th#.  large  differences 
■  the  violence  of  the  roacsion  with,  different  organ!.; 

Wh/port  this  viewpoint,  farther  indication  of  specific  r^cu. 

-  the'  catalyst'  with  the  fuel  constituent  la  .derived  from  experiments '  , 
With  copper.  When  copper  salts  are  added  to  hydrogen  peroxide  little 

,4«it  deposit  ion  occurs/ even  in  strongly  basic  solution.  .When  an  amine 
is  added  to  the  mixture,  however,  there  is  violent  reaction  and  in 
many  cases  ignition.  It  is  evident  that  a  specific  reaction  involving 
the  amine  is  talcing  place  even  at  room  temperature.  Studies  in  dilute 
solution!  of  the  hydrogen • peroxide-hydras ine  reaction  in  the  presence 
of  copper  catalyst  have  further  shown  that  the  hydrazine  reacts  with 
a  catalytic  intermediate.  (4)  There  is  no  contribution  to  the 
reaction  rate  from  oxygen  produced  as  a  result  of  catalytic  hydrogen, 
peroxide  decomposition. 


tJnder  certain  conditions,  however,  it  is  reasonable  to  expect 
some  contribution  from  catalytic  decomposition.  It  is  possible  to 
decompose  hydrogen  peroxide  with  an  active  decomposition  catalyst, 
producing  an  oxidising  atmosphere  at  such  a  temperature  that  simple 
organic  fuels,  such  as  alcohols,  ignite  when  they  are  sprayed  into 
the  decomposition  chamber.  (5)  A  combination  of  the  two  effects  is 
almost  certainly  present  In  the  case  of  Iron  compounds  used  as  self- 
igniting  fuel  catalysts .  Iron  compounds  may  cause  a  rather  vigorous 
decomposition  of  hydrogen  peroxide,  although  they  do  not  compare  • 
favorably  with  very  active  decomposition  catalysts.  On  the  other 
hand,  the  variations  in  ignit ability  of  different  compounds  with 
hydrogen  peroxide  U3ing  Iron  as  catalyst  Indicate  that  there  is  still 
a  considerable  specific  fuel- catalyst-hydrogen  peroxide  reaction. 

The  variety  of  fuels  which  ignite  with  iron  catalysts  and  not  with 
the  other  catalysts  indicate  the  effect  of  a  combined  action  where 
the  decomposition  raises  the  temperature  to  a  point  where  rapid 
oxidation  of  the  fuel  takes  place  either  by  a  catalytic  mechanism 
or  by  combustion  with  the  liberated  oxygen.  This  viewpoint  provides 
a  plausible  explanation  of  the  fact  that  the  miscellaneous  compounds 
mentioned  above  ignite  In  the  presence  of  iron  but  not  with  the 
other  catalysts. 


D.  Tests  with  Catalyst  Dissolved  in  Peroxide 


Similar  tests  were  made  on  a  variety  of  compounds  using  cobalt 
a3  the  catalyst  and  dissolving  the  cobalt  in  the  hydrogen  peroxide. 
This,  of  course,  may  not  be  permissible  operationally,  but  the  ■ 
peroxide  decomposition  before  mixing  Vith  fuel  vas  small  enough  to 
permit  the  use  of  the  cobalt  solution  for  these  tests.  These  results 
are  shown  in  Table  V. 
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Ih-on  Results  with  Cob alt bus  FiF ::  '.to  Dissolved 

in  OC-'S  Hydrogen  Peroxide  ar.d  Various  Fuels. 


Fuel 

IniUi’-  amine 

diter.sylamine 

di-n-butylamine 

diethyl  a-nine 

diethyl  o-toluidine 

diethyl  m-toluidine 

diethyl  p-toluidine 

ethanol  amine 

ethylene  diamine 

hydrazine  hydrate  (85^) 

mercury  succinimide 

methyl aniline 

p-nitroso  diphenyl amine 

nitrosomethyl-aniline 

phenyl  hydrazine 

tetramethyl- ammonium  bromide 

o- thlocresol 

m-thiocresol 

thiophenol 

o-tolidine 

c-toluidine 

m-toluidine 

tri-n-butylamine 

triethylene  tetramine 


Result 

vigorous  c3 composition  -  flares 
vigo* oua  decomposition  -  cparlrs 
vigorous  decomposition 
vigorous  decomposition 
vigorous  decomposition 
vigorous  decomposition  -  flame 
vigorous  decomposition  -  flame 
vigorous  decomposition  -  flame 
vigorous  decomposition 
vigorous  decomposition 
vigorous  decomposition  -  flame 
no  reaction 

vigorous  decomposition  -  flame  and 

explosion 

no  reaction 
slight  decomposition 
vigorous  decomposition  -  flame 
slight  decomposition 
moderate  decomposition 
no  reaction 
moderate  decomposition 
vigorous  decomposition  -  flame 
vigorous  decomposition  -  flame 
vigorous  decomposition  -  flame 
vigorous  decomposition 
vigorous  decomposition 


Discussion 

In  general,  the  experiments  with  dissolved  catalyst  bear  out  the 
conclusions  reached  from  the  first  drop  tests.  The  activity  of  amine 
compounds  is  again  obvious.  There  are  a  few  results  which  should  be 
mentioned  because  they  do  not  conform.  In  two  cases,  compounds 


RESTRICTED 


containing  fctai.no  groups  did  not  shew  vigorous  action.  Both  tl 
aninas  contain  nitroso  groups,  There  are  also  two  'sulfur  ccrr 
compounds,  o-thiocresol  and  m-thiocresol,  'which  did  not  react 
vigorously. 


ing 


Vanadium : Ccsnou 


German  workers  have  claimed  that  vanadium  cot 


UfiuS 


stter 


catalysts  for  hydrazina  hydrate ' ignition  than  copper  and  iron  cca- 
■  pound s .  (6)  Potassium'  ahd  sodium  vanadate  were  found  to  ho  v a ah 
decomposition  catalysts  for  concentrated  hydrogen  peroxide,  while 
ammonium  meta-vanadate,  sodium- met a- vanadate ,  end  vanadium  pent oxide 
are  good  decomposition  cataly  ts .  Results  of  drop  tests  with  the 
latter  three  vanadium  catalyses  and  miscellaneous  liaulds  are  shown 
in  Table  VI. 


Table  VI. 


Drop  Tests  with  90^  H;  irogen  Peroxide,  Vanadium  Catalysts, 
and  MIS’,  llaneous  Compounds 
(x  Indicates  Ignition) 


Catalyst 


Compound 

1  V2<k  I  HH4VO, 

NaV03 

Acids-Acid  derivatives 

benzoyl  chloride 

X 

:X 

n-butyric  anhydride 

X 

■  ■ 

X 

ethyl  cyanoe estate 

ethyl  fumarate 

formamide 

lactic  acid 

X 

levulinic  acid 

X 

X 

X 

Alcohols-Alcohol  derivatives 

dlethylene  glycol 

diethylene  glycol  diethyl  ether 

■ 

ethylene  glycol 

furfuryl  alcohol 

X 

X 

X 

isopropyl  alcohol 
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an! 3 aldehyde 

X 

X 

i 

X 

benz aldehyde 

X 

X 

X 

n-butyraldehyde 

X 

crotonaldehyde 

X 

X 

X 

o-ethoxybenz aldehyde 

X 

X 

furfural 

X 

X 

X 

salicylaldehyde 

X 

X 

X 

m-tolualdehyde 

X 

X 

X  i 

Amine  type 

benzylamine 

o-bromoaniline 

n-butylamlne 

cyclohexylamlne 

X 

dlbenzylaralne 

X 

diethylamine 

di- isoaraylamine 

di-isobutylamine 

X 

dimethylaniline 

X 

ethanol  amine 

X 

ethyl amine  (33#) 

ethylaniline 
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Compound 


ethylene  diamine 

hydrazine  hydrate  | 

[85J4) 

o-lodotoluidine 

rr.  a  thyl  aniline 


nicotine 


phenyl  hydrazine 
pyridine 
quinoline 
m-toluidine 


tri-n-butyl amine 

triethylamine 

triethylene  tetr&mtne 

t ri- n- propyl amine 

Ethers 

anisole 


o-bromoanisole 
1,4-dioxane 
isoamyl  ether 


Isopropyl  ether 
o-nitroanisole 


Hydrocarbons-Hydrocarbon  derivatives 

bromobenzene 

cyclohexene 

decahydronaphthalene 

(decalin; 

n- decane 

2,5-dimethyl  furan 
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The  aldehydes  Ignite  rather  consistently  with  these  catalysts, 
and  there  are  several  amines  which  ignite.  The  scattered  results 
using  other  types  of  compounds  are  rather  difficult  to  explain  and 
may  be  partially  due  to  the  decomposition  type  of  mechanism  discussed 
above  with  respect  to  iron. 


Cobalt  Complexes 


Numerous  solid  compounds  were  prepared  by  precipitation  from 
mixtures  of  some  of  the  catalysts  and  organic  bases.  These  have  the 
general  formula,  Co(A)aXb,  in  which  A  is  an  amine  and  X  is  a  halogen. 
Two  of  these  complexes,  which  were  formed  from  alcoholic  ccbaltous 
chloride  and  (1)  hydrazine  hydrate,  and  (2)  o-toluidlne,  have  been 
analysed.  Their  formulas  have  been  found  to  be  (1)  CofN^,*  )2C12  and 
(2)  Co(C7K7NH2)2C12.  Some  twenty- five  similar  compounds  have  been 
prepared  using  representatives  of  different  classes  of  amines  as  well 
as  hydrazine.  These  compounds  were  tested  for  reactivity  with  hydro¬ 
gen  peroxide  by  observing  results  when  a  drop  of  90  per  cent  hydrogen 
peroxide  fell  on  a  small  sample  of  each.  Ignition  occurred  in  thir¬ 
teen  cases.  The  primary  amines,  both  aromatic  and  aliphatic. 
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cycloha;:  jlamine 
diethyl amine 
di- isobutyl amine 
ethylamine  (33$  in  water ) 


Poor  Ignition 

diethyl-  m -  toluidine 
d  1  -  i s  oamyl amine 
ethylanilme 

Good  Ignition 

n-buty3  amine 
diethyl aniline 
hydrazine  hydrate 
methyl  snillne 
p-naphthylemine 


quinoline 
t  r i ~  n- b u  t y 1 ani 
tri-n- propyl am 


o- toluidine 
m- toluidine 
p- toluidine 
tribenzylamine 
triethylamine 


order  to  find  vhat  typos  of  compounds  and  mixtures  vers  igr.i  table, 
vith  no  regard  to  homogeneity.  In  thi 3  part  ra  are  concerned  vita 
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Too  worn  is  report cd  in  c  v/cr-1  sect  lent  for  ccrvcni  ;ncc  in 
organization.  The  first  is  concerned  vitn  at: .ts  to  dissolve 
catalysts  in  the  fuels  vita  which  they  fern  i an i table  mixtures. 

The  second  includes  the  efforts  to  dissolve  single  solid  igni table 
■  compounds  in  suitable  solvents  vhile  retaining  the  ignit ability  - 
The  third  section  reports  attempts  to  rake  i  mi  table  .mixtures  using 
non- self- igniting  but  cheap  fuels  as  diluents  for  the  more  expensive 
mixtures . 

.A.  Solution  of  Catalyst  in  Tgnltable  Compounds 


The  first  attempt  to  dissolve  catalysts  in  igni table  compounds 
consisted  of  shaking  some  of  the  prospective  catalyst  vith  a  small 
: entity  of  fuel  in  3  test  tube,  allovir.g  the  solid  to  settle  and 
canting  off  the  liquid.  The  liquid  was  then  tested  for  lgnitabili- 
ty  by  the  usual  drop  test  pro-  dure.  Results  are  reported  in 
Table  VIII. 


Table  VIII. 

Drop  Tests  vith  90^  Hydrogen  Peroxide  on  Fuel 
Substances  vlt!  vari0Ug  Catalysts  in  Solution 


Fuel _  _ Catalys_t  ,lri_Sdlution _ Rmult _ 

aniline  acid  cuprous  chloride  vigorous  decomposition- 

flame 

ferric  benzoate  slight  decomposition 

benzaldehyde  ferric  benzoate  slight  decomposition 

benzylamine  potassium  cupx*ocyanide  vigorous  decomposition- 

flame 

dibenzylamlne  potassium  cuprccyanide  vigorous  decomposition 

/thanol  amine  potassium  cuprocyanide  vigorous  decomposition- 

flame 

ethylene  diamine  cuprous  cyanide  vigorous  decomposition 

ethylene  diamine 

cupric  chloride  vigorous  decomposition 

ethylene  di ammonium 

chlorocuprate  vigorous  decomposition 

potassium  cuprccyanide  vigorous  decomposition 

sodium  nitropru3side  vigorous  decomposition 
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£'-£l_ _ Gatalv.st  JLn^Solutj.on _ 

1 '  ■.  r?  c  £  ]“),  v  lene~ 

\  ct;:\:.:'.-lr.a  hydrochloric  acid  (cone.) 

sulfuric  :  acid  ( ccnc .  ) 

hydrazine ’hydrate  ethylene  diamine 
(S5y)  cupric  chloride 


_ _ Result _ _  ___  _  _ 

very  slight  decomposi¬ 
tion 

vigorous  decomposition- 
long  delayed  flame 

vigorous  decomposition- 
flame 


ethylene  di ammonium 

chlorocuprate  vigorous  decomposition 

o-toluidine  cobalt  acetate  vigorous  decomposition- 

sparks 

cobalt  ammonium  chloride  moderate  decomposition- 

sparks 

cobaltous  chloride  vigorous  decomposition- 

flame 

cobalt  chromate  slow  decomposition- flame 

cobalt  sulfate  vigorous  decomposition- 

flame 

copper  sulfate  moderate  decomposition 

■cupric  cyanide  moderate  decomposition 

ethylene  diammonlun 

chlorocuprate  vigorous  decomposition 

ferric  sulfate  moderate  decomposition 

ferrous  sulfate  vigorous  decomposition- 

flame 

nitric  acid  (cone)  vigorous  decomposition- 

flame 

sodium  nitroprusside  moderate  decomposition 


Discussion  of  Table  VIII. 

Eight  of  these  compounds  ignite  satisfactorily,  giving  vigorous 
decomposition  and  a  flame.  The  catalyst  in  four  of  these  cases  was 
a  complex:  copper  compound,  and  In  tvo  cases  a  cobalt  salt.  One  case 
of  ignition  was  observed  with  an  iron  salt  and  in  the  remaining  case 
the  fuel  was  a  mixture  of  o-toluidlne  and  nitric  acid. 

Further  work  ha3  been  carried  out  on  the  anil me- acid  cuprous 
chloride  combination.  It  has  been  found  that  on  standing  a 
precipitate  f^rms  which  contains  copper.  The  composition  has  not 
been  satisfactorily  determined.  The  other  combinations  have  not  as 
yet  been  investigated  further. 
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V.  •  ~  -1 1 .  .re- quo  testa . 

Samples  of  o-toluidine  hydroiodide,  hydrozinium  Iodide,  ;ir d 
hydra- in iun  chloride  yore  prepared  tc  investigate  a  report  that  I 
vsuii  i:r.:rcve  the  ignition  of  hydras ino  hydrate.  Both  hydr  • 'niun 
iodide  and  chloride  improve  the  consistency  of  ignition  of  bop 
hy  Iratirr.'  hydrate.  Alone,  o-toluidino  hydro  iodide  produces  cyvks 
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1.  "  *'trre  vanadium  catalysts  mentioned  in  Part  I  were 
separately  mixed  with  GS  per  cent  hydras ino  hydrate.  They  all 
reset  v;te  the  hydrazine  to  produce  blue,  brown,  or  green  mixtures. 
The  a sr.:h.-_3  ar.d  scdlun  meta- vanadate  mixtures  are  more  consistently 
igni table  than  hydrazine  alone  while  the  vanadium  pent oxide  mixture 
increases  tne  violence  of  the  ignition  but  not  the  consistency  of 
ignition. 

These  catalysts  were  also  mixed  with  thiodigiycol .  None  of 
the  catalysts  was  very  soluble.  The  mixture  with  sodium  meta¬ 
vanadate  was  inconsistently  ignitable  while  neither  of  the  other 
mixtures  ignited  at  all  with  hydrogen  peroxide.  A  mixture  of 
thiodigiycol  and  ethyl  alcohol  va?  shaken  with  hydrated  ferrous 
chloride  for  10  minutes.  This  mixture  reacted  explosively  in  a 
drop  test. 

B.  Attempts  to  Dissolve  Ignitable  Solid  Compounds  In  Fuel  * 
Substances 

An  attempt  vas  made  to  dissolve  two  active  solid  compounds, 
salcomine  and  thioacetamide,  in  an  inexpensive  solvent.  The  results 
of  these  experiments  are  shown  in  Tables  IX  and  X.  In  all  cases  a 
saturated  solution  of  the  active  solid  vas  used. 

Table  IX. 

Drop  Tests  on  Salcomine  Solutions  with  90% 

Hydrogen  Peroxide 


Slow  Decomposition 


acetal 
decal in 

ethyl  acetoacetate 
ethyl  nitrate 


furfural 
isopropyl  ether 
paraldehyde 
toluene 


Vigorous  Decomposition 


amyl  nitrite 
d ie thy laminoe thanol 


ethylene  diamine 
nitromethane 


r 

md 
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Table  IX.  (Confc'd) 

No  ignitabie  solutions  were  produced,  although  salcomlne  itself 
ignites.  In  most  cases  the  solubility  was  very  l&v. 


Table  X. 

Drop  Tests  on  Thloacetamide  Solutions  vlth  90>5 
Hydrogen  Peroxide 


Slight  Decomposition 


acetal 

acetic  acid 

acetone 

amyl  acetate 

amyl  alcohol 

anisole 

o-anisidine 

benzaldehyde 

n-butyr aldehyde 

n -butyric  anhydride 

decalin 

3 , 4-diethoxybenzaldehyde 

diethyl  m-toluidlne 

ethanol  amine 

o- ethoxybenz aldehyde 

ethyl  alcohol 

ethyl  ether 

formic  acid 

n-heptaldehyde 

nitrobenzene 

thiophenol 

m-toluidine 

Vigorous  Decomposition 

azlridine 
o-bromo  anisole 
dlethylamine 
ethylene  diamine 

furfural 

hydrazine  hydrate 
sail  cy  1  aldehyde 

Ignition 

annisaldehyde 

cinnamaldehyde 

It  la  seen  that  Ignition  was  obtained  in  only  two  cases.  In 
each  case  the  solvent  was  an  aromatic  aldehyde. 

Iron  g -naphthalene  Suphonate 

German  sources  reported  that  iron  salts  of  substituted  and  un¬ 
substituted  naphthalene  sulfonic  acids  were  good  catalysts  for  the 
ignition  of  mixtures  of  uethyl  alcohol  and  pyrocatechol.  The 
ferrous  salt  of  (3-naphthalene  sulfonic  acid  was  prepared  and  was 
found  to  be  soluble  in  methyl  alcohol.  Both  the  salt  itself  and  its 
methyl  alcohol  solution  are  ignitabie  with  concentrated  peroxide, 
even  in  the  absence  of  pyrocatechol. 
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A  r/jthyl  alcohol  solution  of  ferrouc £  naphthalene 
was  mixed  with  pyroeatechol  in  the  correct  proportions 
similar  to  the  German  "Ergol  56".  This  fuel  contained 

7 . 5,ro  ferrous  dibutyl  naphthalene  sulfonate 
62.5)S  methyl  alcohol 
SO.CJi  pyrccatechol 

The  ferrous 3  naphthalene  sulfonate  mixture  gave  a  fuel 
to  the -German  fuel. 


sulfonate 
to  give  a  fuel 
by  weight: 


cornua 


.rable 


Ethylene  glycol,  propylene  glycol,  resorcinol,  hydroqulnone , 
and  o-crescl  were  successively  succtituted  for  the  pyroeatechol  to 
determine  whether  similar  compounds  would  produce  an  ignitable  fuel. 
The  ethylene  glycol  fuel  did  net  ignite  and  propylene  glycol  gave 
a  very  long  ignition  delay.  The  fuels  made  from  resorcinol, 
o-cresol,  and  hydroqulnone  ignited  but  had  a  longer  delay  and  were 
less  consistent  than  pyroeatechol. 

Organo-metalllc  Compounds 

Four  organo-wetallic  compounds  were  dissolved  In  several 
solvents  end  the  reaulting  mixtures  drop  tested  with  peroxide. 

Alone,  copper  dlbutyl  dithiocarbamate,  cobalt  propionyl  acetonate, 
and  cobalt  llnoleate  react  with  90  per  cent  hydrogen  peroxide  giving 
a  shower  of  sparks  or  flames.  Chromium  dibutyl  dithiocarbamate  does 
not  react  with  concentrated  peroxide.  In  most  cases  the  compounds 
were  insoluble  in  the  following  solvents:  ethyl  alcohol,  acetone, 
methyl  alcohol,  benzene,  aniline,  and  ether.  When  a  compound  did 
dissolve,  there  was  little  or  n  >  decomposition  with  peroxide. 

Cobalt  complexes 

The  complex  compound,  cobalt  di- p-toliiidyl  chloride 
(Co(C7H7NH2)2Cla),  made  from  an  alcoholic  cohaltous  chloride  solu¬ 
tion  and  an  alcoholic  solution  of  p-toluidinc  produced  sparks  with 
concentrated  hydrogen  peroxide.  This  compound  was  mixed  with  several 
solvents  in  an  endeavor  to  produce  an  ignitable  fuel  mixture.  The 
results  are  shown  in  Table  XI. 

Table  XI. 


Drop  Tests  with  90#  Hydrogen  Peroxide, 

Cobalt  Dl-p-toluldyl  Chloride,  and  Several  Solvents 


"SolubTlTtj  of_Com£l£x_ 


SoTvent  _ 

acetic  acid 

acetic  anhydride 

acetone 

alcohol,  absolute 
alcohol,  95^ 


slightly  soluble 

soluble 

soluble 

soluble 

soluble 


”  “Result;  viThJigO^  ‘ 
no  reaction 

slight  decomposition 

no  reaction 

vigorous  reaction 

vigorous  reaction 
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Table  XI.  (Cont'd) 

Solvent 

_Solubilitj  of_Coirnl_ex_ 

_  t _ wi. till.  _ 

amyl  acetate 

soluble 

slight  decomposition 

amyl  alcohol 

soluble 

slight  decomposition 

aniline 

slightly  soluble 

delayed  decomposition 

benzene 

insoluble 

no  reaction 

bromobsnscne 

slightly  soluble 

delayed  decomposition 

carbon  disulfide 

Insoluble 

no  reaction 

di-tert-butyl  peroxide 

Insoluble 

no  reaction 

ether 

slightly  soluble 

vigorous  decompc3iH.cn 

formic  acid 

Insoluble 

no  reaction 

gasoline,  aviation 

very  slightly  soluble 

small  delayed 
decomposition 

gasoline,  white 

very  slightly  soluble 

small  delayed 
decomposition 

glycerol 

slightly  soluble 

slight  decomposition 

hydrazine  hydrate  (85$) 

soluble  , 

explosion 

kerosene 

very  slightly  soluble 

small  delayed 
decomposition 

methyl  alcohol 

soluble 

vigorous  decompositlcr 

phenyl  hydrazine 

soluble 

large  flash 

turpentine 

slightly  soluble 

smal 1  del ayed 
decomposition 

o-toluldine 

soluble 

delayed  decompositior 

The  results  ware  negative  in  most  cases.  There  vas  ignition 
in  the  case  of  hydrazine  hydrate  and  phenyl  hydrazine.  Altnough 
hydrazine  hydrate  will  ignite  inconsistently  without  catalyst,  the 
catalyst  did  dissolve  in  this  case  and  aided  the  consistency  of 
ignition. 
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The  self-igniting  fuel  systems  so  fur*  developed  have  been  for 
the  most  part  either  expensive  or  scarce.  It  ve.s  the  German  custom 
to  dilute  these  fuels  as  much  as  possible  with  non- seif-Igni table 
but  easily  available  fuels.  .  [The  principal  example  In  practice  has 
been  the  German  dilution  of  hydrazine  hydrate  vith  water  and  methyl 


alcohol  to  produce  the  various 
might  be  possible  to  produce  se 
(  such  as  gasoline),  by  the  add 
ignitable  fuel  and/or  catalyst. 


toff: 


k..4 

-  1  «-Y 
""  6* 

ion 


was  considered  that  it 


lit  ability  in  common  fuels 
of  rather  small  quantities 


of  an 


Work  on  the  dilution  of  hydrazine  has  been  carried  out  on  this 
project  and  is  included  in  a  separate  report  on  the  use  of  hydrazine 
hydrate('l  )Attempts  have  also  been  made  to  dissolve  ignitable  fuels 
and  catalysts  in  hydrocarbon  compounds  in  sufficient  quantities  to 
make  the  solution  self- igniting.  This  is  a  difficult  problem  because 
of  the  expected  low  solubility  of  such  mixtures. 


The  procedure  has  been  to  shake  a  mixture  of  ignitable  fuel, 
hydrocarbon  fuel,  and  catalyst.  Usually  both  phases  were  then  tested 
for  ignition  in  drop  tests.  The  results  of  tests  on  the  hydrocarbon 
layer  on  a  number  of  such  combinations  are  reported  in  Table  XII. 
These  results  are  uniformly  negative,  probably  due  to  low  catalyst 
solubility.  This  view  is  supported  by  the  fact  that  o-toluidine- 
kerosene  mixtures  do  ignite  when  the  two- fuels  are  mixed  as  above 
but  the  catalyst  is  dissolved  in  the  peroxide. 

There  is  some  possibility  that  the  catalyst  might  be  introduced 
in  the  form  of  an  organo-metallic  salt  although  the  ones  tried  have 
produced  little  activity.  It  might  he  feasible  to  produce  a  stable 
colloidal  solution  of  the  catalyst  in  the  fuel. 


Table  XII. 

Drop  Tests  with  9C  ^  Hydrogen  Peroxide  and 
Hydrocarbon  Fuel  Mixtures 


Hydrocarbon 

Mixer 

Cat alyst 

Result 

benzene 

acid  cuprous 
chloride 

ho  reaction 

water 

copper  sulfate 

no  reaction 

water 

ferrous 

sulfate 

no  reaction 

gasoline: 
aviation 
(130  octane) 

cobaltous  di- 
p-toluidyl  • 
chloride 

slightly  soluble- - 
slight  decomposition 
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Table  XII.  (Cont’d) 

Drop  Tests  vith  90$  Hydrogen  Peroxide  send 
Hydrogen  Fuel  Mixtures 


Hydrocarbon 


Mi: 


"Catalyst 


Result 


gasoline  (cont'd) 
(130  octane) 
aviation 


gasoline: 

white 


Kerosene 


toluene 


duponol 

85$  hydrazine 
hydrate 


copper  pro- 
pi  onyl  •■« 
acetonate 

salcomlne 


85$  hydrazine 
hydrate 


phenyl  hydra¬ 
zine 

ethyl  alcohol 
and  water 


o-toluidine 

o-toluidine 

o-toluidine 

o-toluidine 


85$  hydrazine 
hydrate 


slightly  soluble- - 
inconsistent,  long 
delayed  ignition 

insoluble- -no 
reaction 

slightly  miscible 
no  reaction 


sodium  nltro- 
prusside  & 
potassium 
cuprocyanide 

sodium,  potas-  immiscible-  . 
slum  &  cuprous  moderate  decomposl- 
cyanides  tion 

phenyl  hydra-  immiscible--  no 
zine  &  sodium,  reaction 

potassium  and 
cuprous  cyanides 


ammonical 
copper  sulfate 

copper  sulfate 


moderate  decompo¬ 
sition 

immiscible— 
precipitate--  no 
reaction 


acid  cuprous 
chloride 

sodium  rxitro- 
prusside 

sodium  nitro- 
prusside  and 
potassium  cupro¬ 
cyanide 

manganese 
sulfate 


immiscible--  no 
reaction 

slightly  miscible 
slight  decompo¬ 
sition 

slightly  miscible 
no  reaction 


insoluble- 

reaction 


no 


copper  sulfate  no  reaction 
sodium  nitro- 

nrusside  and  immiscible  —  no 
potas sltiih  cupro-  reaction 

cyanide 

ferric  benzoate  no  reaction 


./ 


O  M 


27. 


Results  ere  shown  in  table  XIII  for  e  group  of  miscellaneous 
uels  which  were  diluted  with  rather  largo  counts  of  solvent, 
tuition  with  peroxide  was  obtained  when  o-tcluidine-acid  cuprous 
hloride  was  diluted  with  acetone  and  when  p- toluidine-cobaltous 
nitrate  was  diluted  with  ethyl  alcohol. 

Table  XIII. 

Drop  Tests  x-Tith  9C~?  Hydrogen  Peroxide  and  Kultl- 
Ccrvoonent  Fuel  Systems 


Fuel 


Diluent 


Catalyst  Result 


acetone  oxime  ethyl  alcohol 
a -amino 

pyridine  ethyl  alcohol 


cobaltous  nitrate  vigorous  decompo¬ 
sition 


cobaltous  nitrate 


vigorous  decompo¬ 
sition 


benzene 


ethyl  alcohol  cuprous  chloride  no  reaction 


hexamethylene  benzylamine 
tetramine  and  water 


o-phenylene  ethyl  alcohol 
diamine 

phenyl  hydra-  ethyl  alcohol 
zine  hydro-  and  water 

chloride 

o-toluidine  acetone 


water 


p-toluidine  ethyl  alcohol 


cuprous,  sodium,  & 
potassium  cyanides 

cobaltous  nitrate 

cuprous,  sodium  & 
potassium  cyanides 


vigorous  decompo¬ 
sition-inconsistent 
ignition 

vigorous  decompo¬ 
sition 

vigorous  decompo¬ 
sition 


acid  cuprous 
chloride 


vigorous  decompo¬ 
sition  -sparks- 
flame 


cuprous,  30dium  &  no  reaction 
potassium  cyanides 

cobaltous  nitrate  vigorous  decompo¬ 
sition  -  flame 
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